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Abstract I PHASING SCHEMES =

The CEBAF poceleraion requlnes sccoraie phasing of he
carvities b achieve the design rma energy

of 2.5-10°%, The rma phase ervor slong each linac, with
160 cavites over a kength of 200 m, may mot excesd 2.6°,
assuming ihat the whole lnsc is opersied on crest. The
OO is 10 maximize the energy galn with
. At CEDAF, bowever, phise-dependent cavity

seering effects canse deflections of the beam of several mad,
requiring wisering cormections in the linac, which makes this
method very tme consaming. Beam-indoced tramsicnls can
also be nsed in pubsed operation W determing the IErO-EBETEY-
gain phase with high sccuracy. Betier than I° sccuracy is
achieved when the signal-to-poise ratio is improved by signal
averaging. These and other approaches for the phasing of
mﬂhnnﬂﬂdﬂmdmnm

L PHASE STABILITY REQUIREMENTS

The overall specification for the CEBAF socelerator s
given in Table 1.
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The low emergy spread of ihe besm requires strict
smplitude and phase comirol of the RF field in the
superconducting cavities acconding o mbie 2.

Table 2 RF smplitude and phase sshility requirements
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The rms phase error slong & Hasc with 160 cavities may
nol exceed 2.6°, A phase vernier system will mainiasin the
overnll phase of the linacs on crest while 8 gradient vemier [1]
rysiem will malntsin constant energy af the end of the linac.
With the overall phase of the linac being on creat, the
individual cavitles need io be phased better than +5.2° 0 meet
the specification in table 2. The goal Is 0 initially phass
cavities better than +3°.
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During sccelernion operation the phase of te sccelorsting
Geld of individes] cavites mou be maintsined betler han
+45.7°, When the RF sysiem Is turned oo fior the: frst thme; the
actual accelerating phase ks nol known, since the electrical
lengih of the probe cables may differ by more than $150°. The
elacerical lengih can be messured with & TDR or network
malyzer mnd be used o calculase the actual phase as described
in Section VIL This method is nod wery scouraic, since RF
control module ioternal phase shifts and the geometry of b
cmvitiss w0 ealpulsie the driftfime of e beam ke b0 be aken
Imio mooount, Miore scourale Bt messprements which nse (b
e s referemce. The following phating methods bave been
evaluaicd during nord Ense operatlon at typical emergies
between 100 MeV snd 150 MeV with more than 100
superconducting cavities opemtional;

» Phasing of cavites by maximizing ensrgy with a
SpeCtrometer &S energy elecu.

» Phasing of cavites by minimizing beam-indoocd
translenis during pulsed beam operaton io determine the
phase with zero energy gain

] m#mwmﬂumﬂm
beam~induced fleld with a phase detecior in the RF
coatrol modale.

«  Phasing by minimiring reskdual gradient fluctuations due
o beam current modulation o detsrmine e phase with
Dero energy gain.

In some cases the for manimem energy gain {crest
phase) is determined direcily; in other cases the phase for zerm
emergy gain (zero crossing of the accelerating field) is
determined and & 507 offsst added or sbtmctad 10 et the onest

phase.
1. PHASING WITH SPECTROMETER

Cavity phasing with the spectrometer makes use of the
dependency berwoen encrgy gain of the caviry and phas: of the
accelersiing ficld. The cosrgy gain i3 maximized using &
wm.hh“ﬂﬂlhmdndm

Monuol Phasing

For U inizial cavity phasing » spectrometer at the end of
the porth Enac was used. Changes in energy were obéerved oo
a view poreen with a mdios of 17.5 mm comesponding o an
energy change of =1% ot an energy of 100 MeV. In the
spreader region at & location with a dispersion of 1.1 m, &
position resolution of 0.1 mm corresponding (0 &0 energy



change of 1-10-* can be detected. Al a field gradient of 3

MV /m the schieved phase resobution |8
= -1 -E- ™
e [l 3 E&ﬁ] ol

for & spectrometer resobution of (AE / E)=1-107*
with Ey =100 McV and  E, = 5 MeV/m.

Cavity sieering cffects are aignificant and require
correction of the beam optics especially I cavites sl te
beginping of the linac mre phased. Manual phasing with e

bas been proven 1o be very tme consuming bu
It resguined oaly once for initial phasing of the sccelerdon.
Periodic phase comections s performed uting awiomated
algorithms. It is expected that the resolution will increxse

when o Beam Posbtbon Monitor (BPW) in the s
sl & location with & kigher dispersion of 10 m is used.

Aumpmried Phatisg

The shove described method has been amomaied. The
view icreen for the beam poaldon measurement s neplaced by
reading from a beam position monlicr with & position
resolution of 0.2 mm. It is also possible (0 wse & harp reading,
“The BPM is located in the spreader section st & location with &
dispersion of 1.1 m resulting In an energy resoluton of
1-107%. The algorithm changes the phase in an individaal
cavity by Ad = 30", measares the initial beam position and
the beam positions following the changes in phase, snd
calculnies the crest phase from the three mensured potitions
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4y : initial phase etting

Iy : beam position for 4= #g

=y : beam position for § = #g — 44
5y : beam position for = #; + &b
A : change in phase setting

For & final energy of 100 Me'y and & cavity gradient of 5
MVim, a phase change of 30 resals in & position change of
7.4 mm sssusning & dispersion of 1.1 m.

The sccurscy of this method ls = £2.5° and tkes 20
ﬁpmﬂ.hﬂhiﬂhwmﬁl
of the BPM signal w achieve a resolution of 0.1
akes aboui 4 seconds. The aatomuied phasing i3
if the phase is set within + 90°. Therefore
phasing is mequired. The experimental
verification of this algorithm showed that the linac cocTgy wis
increased by 1.8 MeV ai s initial energy of 119.6 MeV.

has been verified by changing the sl phase
by 5 and 107, and the amomated slgorithm determined the
same crest phase within £2.5°,

IV. PHASING WITH BEAM-INDUCED
TRANSIENTS

This method requires pulsed beam. Typical beam
conditions are =200 A, T=20 o (pulse length), md [=50
Hz. The sverage beam cusvent is bets than 1 A and therefore
munqﬁt-ﬂhap:-ﬂmhmlmh-m
The expected transicnts for the gradicnt signal bave becn
discussed In [2). Unity gain of the control loop ks typically
=10 kHz and therefore the effect of the gradient control loop 1s
small during poch a short pulse. The control Eyieem regulates
the avernge of the gradienl

The checrved fansient amplinsdes for the sbove described
beam condiions sre 170 mV for = 0° (oo crest) snd +1.5 mV
lup-w-ﬂu:i!'ﬂmh-uwﬁllﬂn'.m
result of @ measurement ks shown in Figure 1. The observed

e conslsiend with the calculations exoept closs o
2210 crossing, The transbenis o zero crossing s & resull of e
beam loading i the buncher, which capses the phase of the
glectron beam 10 change by = 2° during the macropulse af 20
ps. This is doe to the fact that the buncher cavity is oot
operated af roro crossing and that the RF control sysiem is oot
designed 1o correct for fast ransients. The signals in Figare |
are avernged over 64 samples 10 improve the signal-i0-oaoise
ruiio. This method allows cavily phasing betier than £2* if
nhuwipdﬁmlﬂ-:mhﬂnhtl
change In sign for the tramsbents.
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Figwere 1. Measured besm-indoced transicots. Phase a zero
crossing and £5°, L= 250 pA, 5= 205 £ = 60 Hz. Signal
mmplified by 30 dB.
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in the embadded microprocessor code for the RF control
madule using the moduke ivismal digitizer. The gradient enmor
aignal Is amplified by 50 dB snd will be sufficicndly large
compared 16 15 mV ADC resolution o determine the phie
becter than 357,

V. PHASING WITH BEAM MODULATION
This method is similar to the phasing with transicots

gince it ases beam-induced gradient fncuations io determing
the phase af zoro Grossing.  The besm current is modulsied &



1= Iy + Al -sin(w)
Al : amplitade of current modulstion (typ. 1 A)
m,, : frequency of curment modulation (tfyp. 100 Hz)

The beam-induced gradient will be 6.4 kVim resuliing ko

a detector ermor of 6.4 mV (5 VieS MVim) if the gradient loop
s open, This irenslates int = 6 mV pradient modulator drive
{2 100 Hzr) if the gradient koop is closed. The spoctrm of e
gradicnt modulsine drive is shown i Figure 2 The dominsnt
poise compoocni &t 56 Hz bas twice e

mnd the broadband aolse within & bandwidth of 50

kHz as acquired by RF control module internal ADC is 20
mV,, The signal is 100 small 10 be snalyzed within the RF

module, bat i in e machine control room
using the analog moniicr system [3]. it I possible 1o phase
m‘iﬂh#hiﬁ'uﬂ'.
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Figure 2. Spectrum of gradient modulawor drive with
modulaied besm. Al w 1 A 50d fry = 100 He

V1 PHASING WITH BEAM-INDUCED
GRADIENT

This method requires CW beam. Al least 10 pA of beam
carrent s required 1o excic a miffickently luge feld gradient
mensisre o phase error relative 10 the phuse reference derived
from the master cacillaior. The caviry ks not powered by e
Hrm‘n:ph--q:nuinﬂudu-lnﬂum
signal, Typlcal acngitivity is 100 mVidegree af 3 MVim or
1.27 mV/idegree for 10 A of beam current which exchies a
Hiﬂt?h.mﬁq:ﬂ'lt-nm-ﬂh
megative to guaramiee that the phase of the beam ks 0" sad oot
180° out of phase. The phase scipoint determined by this
method is then used with gradient and phase loop closed 1o
ket besm oo crost.

Ih#aﬂl-l-ﬂ-uﬂmhphmuuh
devming angle which is measnred with an accuncy of £53°,
The precision of the demming sngle messurcment limits
therefore the accuracy of this otherwise very precise
T

VIL CALCULATED PHASE SETTINGS
The phase of the sccelerating fickd relative i the beam can

be calculated from kmown electrical length of cables, other
control module components such as the down converer, and
the time of Might of the cleciron beam convensd o phise. All
slgnaly are referenced 10 & common master oacillaior, Cabl
bengih of more than & kilomeler over the whole acotlerator
glte and effects from wempershure changes do not allow fof high
m.mnhpﬂﬂhumhﬂ
difference berween the cavities in one cryomodule within 43°,
mpﬂcnﬂhﬂ-ﬁpﬁuﬁnhhmﬂm
can be measared betier than £2° as schisved in recenl 221s
Alsc errors in time of flight due 1o mechanical position of e
mm:—-&:uw-:hﬂju-hcﬂmﬂ
mmer position, contribuaie w0 the overall error.

VI CONCLUSION

Several methods for the adjustment of the phase of the
accelerating field hive been tesied in the CEBAF accelersior
during the commistioaing phase of the north linac. Phating
with the spectrometer ks tme consuming especially for ihe
imitial for the sccebermior, Ooce the cavity phase is
mmtwlﬂ-ﬂd;:hﬂmﬂh
drifis, Only one cavity can be done ol & time. Other methods
allow for simultaneous phasing of several cavities and arc
therefore, since faster, more desirable during mcoeleraior
operation. The cavity phasing using beam modulation can
‘Fﬂlﬂrh-ﬂlﬂh_h-ﬂh—dhﬂw
A of the different methods is given i Table 3.
The mos sensitive method b the phasing ming besm-indoced -
pﬂuhﬂmhtm_pﬁmﬂ#

detuning angle.
o e
L wver, (best) | besm tme ety |
Spectmeneier £3° (437) Mo No
m"?tu [ Yo Yes
"Beam modelation | +5° (42%) ko Eﬂ-
[Beam ind ged. | 25* (23%) Yo Yes
Caculstion | 34° (83"} Mo Yo
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